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WORKSHOP
ON

EXPLOSIVE AND PROPELLANT COMBUSTION MECHANISMS

This Workshop was sponsored by the Société Nationale des Poudres
et Explosifs (SNPE), with the Office National d’Etudes et de
Recherches Aérospatiale (ONERA), and the Office of Naval Research
European Office (ONR Europe). The Workshop was held at the SNPE
Centre de Recherches du Bouchet (CRB), Le Bouchet - B.P. no. 2,
91710 Vert-le-Petit, France, on June 3-4, 1991,

The early initiative for arranging this activity came from Dr.
R.S. Miller, Chief Scientist, Mechanics Division, ONR, and Dr.
Bernard Finck, Head, New Molecules Section, Defense Espace, SNPE.
Dr. A.M. Diness, Director, Engineering Sciences, ONR, supported
the effort. Assistance was provided by Dr. Jacques Boileau, SNPE
(retired), and now an advisor to the Direction des Recherches,
Etudes et Techniques, Division of D&l&gation Générale pour
l1’Armement.

Informal introductory meetings were arranged for Dr. R.W.
Armstrong, Liaison Scientist, ONR Europe, with Dr. Bernard
Wiedemann, Directeur, SNPE, and Dr. Alain Davenas, Directeur,
Technologie et Recherche, SNPE, to gain approval for the proposed
workshop. Dr. René Couturier is Manager of Research at SNPE/CRB.
Dr. Gérard Doriath is Manager of the Propulsion Research Program.
From this program and Bernard Finck'’s activity, respectively,
Drs. Bernadette Gossant, Program Manager, Internal Ballistics,
SNPE, and Marc Piteau, Energetic Material Synthesis, SNPE,
provided coordination for developing the workshop with R.W.
Armstrong, and with ONERA workshop participants, particularly, in
the Energetics Department of ONERA headed by Dr. Guy Lengellé.
Armstrong, in consultation with R.S. Miller, J. Boileau, and SNPE
colleagues, arranged for the participation of U.S. scientists,
especially including representatives from the Naval Research
Laboratory.

In the subsequent pages of this report, corresponding largely to
a description of research activities "in progress", a record is
established of selected visual aids from the presentations that
were given. A number of the U.S. participants were persuaded to
add a written precis to their presentations. To all
participants, a note of appreciation is given here.

R.W. Armstrong B. Finck R.S. Miller
ONR Europe SNPE/CRB ONR HQS
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WORKSHOP ON EXPLOSIVE AND PROPELLANT COMBUSTION MECHANISMS
PARTICIPATION

Twenty participants took part in this workshop including a U.S.
team of seven persons selected by Dr. R.S. Miller, Chief
Scientist, Mechanics Division, Office of Naval Research. The
French participants were from the host Soci&t& Nationale des
Poudres et Explosifs (SNPE), Centre de Recherches du Bouchet
(CRB), and from the Office National d’Etudes et de Recherches
Aérospatiale (ONERA), Centre de Palaiseau. Dr. Jacques Boileau
participated on behalf of Direction des Recherches, Etudes et
Techniques, Delegation G&nérale pour l’Armement (DGA), and Dang
Quang Vu was there on behalf of the DGA Direction des Missiles et
de l1’Espace, Service Technique des Poudres et Explosifs.

SUMMARY

First, selected visual aids are shown in this report as taken
from the presentation by B. Gossant, giving a survey of internal
ballistic programs at SNPE relating to solid propellant
combustion mechanisms. This is followed by a visual aid package
presented by G. Lengellé@ and ONERA colleagues, mostly on burning
rate determinations. An overview is given by R.S. Miller (and
A.W. Miziolek) of considerations relating to the combustion of
high energy density materials, also with selected visual aids
that were shown. The following presentations consist of extended
abstracts and selected visual aids illustrating elements of U.S.
programs now set to study combustion mechanisms in a new
generation of energetic materials.

A main purpose of the workshop was to identify strengths of the
French and U.S. programs as a forerunner of establishing specific
collaborative U.S./France research activities on new energetic
materials, known in the U.S. research community to involve new
combustion considerations. The burning rate measurement
capabilities at ONERA were an agreed strength as well as the
availability of a new generation of energetic materials in the
U.S., as described by R.S. Miller, with energies characteristic
of metallic systems but without telltale signatures. The
combustion properties approach theoretically limiting values and
the comprehensive analytical description of these properties
requires use of the fastest computers. New standardized
combustion tests are being designed in the U.S. to evaluate the
performances of these materials.

Agreement on a joint study of trinitroazetidine (TNAD), glycidyl
azide polymer (GAP), and hexanitrohexaazaisowurtzitane (HNIW)
materials resulted from the group discussions. A consensus was
reached that it would be profitable for French investigators to
increase their research efforts on the new ingredients that are
available for propellant formulations. An important
recommendation was to involve in this subject area researchers at
French universities, particularly relating to SNPE activities.
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WORKSHOP ON EXPLOSIVE AND PROPELLANT COMBUSTION MECHANISMS

Sponsored by the Société Nationale des Poudres et Explosifs,
with the Office National d’Etudes et de Recherches Aé&rospatiale,
and
the Office of Naval Research European Office

held at the

SNPE Centre de Recherches du Bouchet (CRB)
Le Bouchet - B.P. no. 2, 91710 Vert-le-Petit, France

June 3-4, 1991

SNPE-ONERA PRESENTATIONS

B. Finck, SNPE/CRB
Research done at SNPE,
particularly relating to new molecules

M. Piteau, SNPE/CRB
Formulation and characterization of new energetic materials

J.P. Bac, SNPE/CRB
Computational thermochemistry of energetic materials

B. Gossant, SNPE/CRB
Comprehensive combustion mechanisms related to motor firing

G. Lengell&, ONERA/Centre de Palaiseau
Decomposition and combustion
of existing and new energetic materials

J.R. Duterque, ONERA/CP
Methods and measurements for characterizing the combustion
of energetic ingredients

J.F. Trubert, ONERA/CP
Gas sampling and mass spectrometry analysis
at the decomposgition surface and in the flame
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WORKSHOP ON EXPLOSIVE AND PROPELLANT COMBUSTION (CONT’D)

Sponsored by SNPE with ONERA and the ONR at the
SNPE Centre de Recherches du Bouchet
Le Bouchet - B.P. no.2, 91710 Vert-le-Petit, France

June 3-4, 1991

U.S. PRESENTATIONS

R.S. Miller, Office of Naval Research, Arlington, VA, (and A.W.
Miziolek, Ballistic Research Lab., Aberdeen Proving Ground, MD)
High Enerqgy Density Materials Combustion

T.B. Brill, University of Delaware, Newark, DE
1. Chemical phenomena at burning surfaces
2. Decomposition of energetic materials at high temperature

T. (and D. Hanson-) Parr, Naval Weapons Center, China Lake, CA
Solid propellant flame structure,
monitored with advanced laser diagnostics

E.W. Price, Georgia Institute of Technology, Atlanta, GA
(presented by T. Parr)
Kinetically limited leading edge of diffusion flames (KLLEFs)

C.F. Melius*, Sandia National Laboratories, Livermore, CA.
*Visiting Professor at Universite Pierre et Marie Curie.
Theoretical determination of thermochemistry
and reaction mechanisms

R. Gilardi, Naval Research Laboratory, Washington, D.C.
Structure analyses of energetic and strained organic compounds

R.W. Armstrong*, Office of Naval Research European Office,
London, U.K.
*On leave from the University of Maryland, College Park, MD,
following a sabbatical research stay at the Cavendish
Laboratory, University of Cambridge, U.K.
Thermomechanical influences on the combustion
of RDX crystals



B. Gossant

Propellant and Combustion Mechanisms



07./254 9L

INVSSO0OO 'd

buiuiy Jojow 03} pejpjau
SWISIUDYOd W UO[}SNQUIOD dAISuaya1dwio)

166l ° ¥—¢ ounp

[SWSINYHOIN. NOILSNEWO0D NO. dOHSHHOM

ﬂwxwp

AdNSPFE4




07/25/91

94nssa.d .

SS

-POLIBW 4 INMNEG ANVALS 11
S 1dAVS INVTI13d0¥d TIVIAS NO -l

Lot \u..w

xa{.\{r.. AT
hll
yEvrw

NOLLYZRA1O¥MYHD 31Va ONNNNE

st Ea) NDISINAOHd 3HIMIHIY
3J4dS3 3SN3430

AdNSFEZ



07/25/91

o |

S
SsauxIy |

\

2.INssa.d

|I9SSOA paso|) —
‘JOHLIW JINOSYHLIN 1034a —2'1

NDISINOHd IHIUIHIIY
3J4dS3 3SN3430

AdNSFE4




07/25/91

o |

2.INSSa.1d
UOIINJOADS a0DJiNs WIM —2°C

(seipg) POoLPpUIA) — ’
(sinuodwip)) padpys—unys —

JoNSN —1°Z
:SYOLOWN 1S3L a@3vISEnsS NO —Z

NDISTNOHd 3HIUIHIIY
3J4dS3 3SN3430

AdNSFEZ



OFf25/9%

[@aym buiypjoy Alddns ZN

W

Wid -V43INO PUING—] “4dNS

p|a1} 213SNooD up JO aduasaud ul
9}DJ MOJ} SSbW jupjjedoud suiwI}a(]

-ASNOdS3d ONI'IdNOD JAaNSS3dd -1

10

NOISINOHd 3HIMIHIIY
3dS3 ISN3430

AdNSPFE4



07/25/91

XN} 0o

Apjep “ub|

suol}isodwod jupjedoud snoLIDA
10} SAD|op uoIMubl 8Z149100.40Y)

-S1S31 NOILINOI —=¢

NOISINAOHd 3HIYIHIIY
3dS3 ISN3430

AdNS P



07/25/91

oo 4 0 0 Oo =~

0] | o=
Sl Sl
aspyd spb asoyd
SoUPIPg pasuspuod
o1}ebasua
31 )
I waipaby_ i

“ !
i “

|
L W .. XN} }0oH __ |

NOISINAOHd 3HIWIRIIY
3WdS3 3SN3430

AdNSF4




07/25/91

.&m& Buimous) rw "8, I's| 9pNnPA7 (q
(ss|dnooowiiayy pappaquus) momoca sob pup
pasuspuod ul sajijoid aunjpiadway piodsy (b

Apyuswiiadxe sty 40 NOILYNINNILIG —L

_mm\_ pub I'sp ‘1's] uo puadsp
SO1}S149]10D4DYD uibw oM} “bs siyy

+© ? ’ 2/ 3 >’
55 o (um e ] Y

190D J.UNS Ew_vo‘_@c_ 10 2oup|pq onebisuy

13

df& Dmmzwmz.m.vnvm :aﬂ_.&_._._uum_ﬂ__m“_uuu____

AdNSFE4



(8buba ainypiedwsy jo -qd Inq)
'3 ‘Iv Bulaib synsas DgQ paoodsy (q

_.Q
I‘sS 91DIDOSSD pup - U

‘SMV’1 SISATOHAd 40 NOILVNINY3L13a —¢

07/25/91

plooay (o
A|jpyuswiiadxas

A_m.ML_ :mQ. I'sD) Buimouy) I'sp) 8pnpA7 (o

14

® NOISTNdOHd 3HIUIHIIN
. aJnypuadwis | 334453 ISNI430



07/25/91

iz

e . T ( '3 1 i i -
T I T B _.:o.n«

'3
.O

s
-SOILSIYILOVIVHO JAV T

"awD|) 9Yy] Ul 9sDaje. }DaY
94n)buadwia} swpj) 211DgDIPD

Jualpabul buluing—y9s D 4o} |PpoW UolSNQUIO)

15

NOISINdOYd 3HIYIHIIY
3J4dS3 3SN3430

AdNSPFEZ



07/25/91

u_mﬂ

X1 .
: K 4 9! Al =
[+- T )/ 0 THTw (L0 <6 Tp

ﬁ = JJ.._RJdWime\ » nu w mxow hu 7 ....._\rq TR d.xwa.w._.
X julod Aup ul xn|} 1bsy pup
olljoud aunpuadway ayy saAlb ‘ba jo uonpubayy
g +
SWID|} }33ys uiyy _ L %P e . ZPug
JO uondwnssy 0 = ™ o 3B ETLp X
90D}JNS 3y} O} SWD|)} 8y} WO} UOI}ONPUOD IDSH

16

-ASVHd SNO3ASVO JHL 40 NOILJINOS3a —¢

NOISINA0Hd 3HIUIHIIM
3J8dS3 3SN3430

AdNSFZ




W 4 ; "' 2! 2 S uX i
! A Mowx - uum w) Feg oz e L=
. |
X ¢ ;
IWW.X: SRR o8] Tawn uonooal * 2 g s 2
"% = Kyoojen sob =Th ! vl i

:SOAID awiD|y paxiwaid D
Jo uonduwnsso “yusipaibul buiuing—Jjjes D O
94N1oNJ}s awp|} 8y} uo spuade(

»'3 By u@ }
("™ TH e ="3 10) ~X JOJ [opow D padN

‘NOILVNINY313d LHOIFH JAVId —¢

NOISTNd0Yd u:u.n.m:n._uz
394dS3 35N3430

AdNSPEZ

17



>'sy ‘s
54{@1 mmh Jo} anos (p
A Iy i ='W 10} 9A0S (O

_.._w 10} aA0S (g
Is

ool BUo ssang (o

07/25/91

)

......@ .w\w
> AQ 2) ]y T =

- 130N NOILSNGWNOD JISvdE V —G

.:%
.._qul ), - & u?%m_‘ y 'n_x = X Ul uoissaidxa xn|-

‘NOILVNINY313d JdNLVIIdANTL I0VIINS —+

NOISTNAONd 3HIUIHIIY
3J4dS3 3SN3430

AdNSFEZ

18



07/25/91

=40 8y + gkt I % *HY i = i UcN
P

g et 0PI Ty L s
auwIayos ayl uo spuadsp v ="
ASVIATIY LV3IH IV (9

8 Pl % .ﬂ . 867 . al
farto | - CHE Rt By

3T o

3
T A
- +0%H oty * 0&2 ow + N w € I H

UOIIDAJIBSUOD Adipyius Agq psuin}qo e 1 (o
YiVd NIVN —9 NDISINAOUd IHIMIHIIY
3dS3 ISN3430

AdNS P

19



07/25/91

1 4 I‘s L
"7 pup .mw 1 J40J sanpA 2dns|paa bulwnssy

'SVO 40 SILYIJOHd IVNYIHL (o

NDISINAONd 3HIYIHIAY
3J8dS3 3SN3430

AdNSFZ

20



07/25/91

Japulq

49114
1

N

-3SVHd J3SNIANOD 40 NOILJIMOS3d —|
"9SIUID S8UN}DaJ O14109ds mau

‘SjusipaJbul—iynw Yyip “jusipasbul suo U0y
pajuasald |ppoul 8y} JO UOISUSIXd UD SI )

NOISINdOHd 3HIUIHIIW
3J4dS3 3SN3430

AdNSVF4



07/25/91

"J3]jl} 40 9Ind plos 8y) 40y App uoiIubl up
JUNOJOD 03Ul 8XD} 0} paljpow aq Apw bs snoiasid siy|
M () s Ppwnhy
P P 87
(ppaysyoag) Japuiq pup Jaji4 jo Buluing 81pUISD PUD

90D]UNS 3y} O} |puuJou UOoI}oalUp Ul uollSNquIOD SJapISUOCD YHINO ®

wm 56.3
nie L T A_c.c s

ss
S °
}pass903. A|SnoauD)NOWIS 31D 43|} PUD Japulg

90D4JnS 8y} 10 uol3DUNbIjUOD 9bDUSAD UD SISpISUCD 4OH @
SlepoW 1uaialll]

(9z1s sppnund |) Jsjiy + Jspuiq § +
d Qr
( o W 10) o 1 PullIRIaQ (o

NOISNdOHd 3HIYIHIIY
3J4dS3 3ISN3430

AdNS P

22



@7/ 25 %)

we\w.m&
py? v
A sy ) 4o Ty =T He.c

Ry _ .
( w7y )40 wly < aw,s

:SMD| sIsAjoJAd Ag

pulqg I3
W pup “w suiwieiaqg (q

’ W . "~
h«.om...t\m.c s««w“k.\k -M,.s " -2zIs 9pPI}upd

yooa 1o} suo ‘sjupjedoid—opnasd [ sispisuod |spowl WId

3 %M = 3%%

(sozis spniod SNOLIDA) Jsjly + Japulg +

NOISINdOYd 3HIUIHIIY
38453 3SN3430

AdNSF4

23



07/25/91

awpjj paxiwaud /\/\/\/\/\

SLID|} UOISN}4IP

-JHNLONAILS JAVId —C

NOISINAOHd 3HIYIHIIY
3J4dS3 ISN3430

AdNSPFEZ

24



07/25/91

SWwID|} }83ys Uiy} juspAInba uoj 10}oD) 1yblay H£<

Ix £< = Yy yooouddo (—|
Fiadcty L4 )6.33%,.@
5 b
(d° @ ‘Anypwosb ‘onpu Buxiw) § =
SISAIDUD UUDWNYDS — aXJng AQ paibnipAs =x
m a 4
X + X = "X

Jybiay swply uoisnyyip O Joy |9poy (D

NOISINdOHd 3HIYIHIIY
3J4dS3 ISN3430

AdNSPFEZ

25



07/25/91

u s
e
: ww's) I 07
>, TR
hh\.&l%ﬂlwksﬂlﬂ\plum.’w—lnmul ulw ‘A p m \“.-«pﬂ..ﬂ.
O ‘w =11p
Ar m.cru I .w&nv

(Ao swinjy “J)ip Ag paIpay) gdiH dAoqy +

(swply dv wouy) sapads buizipixo pup
(49puiq) sob yous jany usamiaq swipjy uoisnyg —
awn|} dy paxiwaid —

(lspow YYINO) buiwinsso gy /gdIH X3

'saumpiadwa) aopyuns Buissassp 1oy paiunoodod aq ysSnNW saxn)y

SUOI}ODaJ JO }1UDd YOIym MOUX O} AUDSS828U SI 3| "9IN}ONU}S aWiDj uo spuada(]

'sjusIpabul A0QD 9oupPg dNebusul (q

NOISINAOHd IHIWIHIIY
3J4dS3 3ISN3430

AdNSPFZ

26




07/25/91

% A \ =
T (I o I B
B ¥ =y B
:90D4INS 4y 1D moco_mm ollebusuly +
hqc\_. m.r.wnU mQ..T &(PH_W@ dv X = X
ﬁmwﬂ:&%%%k&:ﬂ*%lwu&kﬂ uq LJ. = J.Hm.w 4 s

= o |
SWD|} 4y UO SwD|} UOISN}JIp DUl JO 3dUaN|u|
(Sswpj} oM} 8y} JO UONODIBUI) dy SAOQY +

NOISINAO¥d 3HINIHIIM
3J4dS3 3ISN3430

AdNSPFEZ

27



07/25/91

sjualpalbul ay} uo
PS1ONPUOD 3 PINOD S}USWIISAXS JO Puly JDUM OS|Y
JOIADYSQ UOIISNQUIOD Appaisun Buljopoud Joj sWwi9iqold —¢

S1SA|DIDD JO 9|0J ‘A}IPIDA
JusIpaJbul yoDS JO JOIADYSQ ‘94njonJ}s auwlD|y
sus1swpJpd [poisAyd Jo sbpajmouy suws|qo.d

-aJmpJiadwa) |pijul ‘aunssaud O
uonouny D sp jupjedoud b Jo 93pJ buluing
oy} 9)pNPA3 0} A}|Igpdpd 8y} SADY S|SPON —|

NOISTNdOYd IHIYIHIIY

3J8dS3 3SN3430
3dNSVFE4

SNOISNTONOD

28



J. Duterque, G. Lengellé, and J.F. Trubert

Decomposition and Combustion Measurements
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ONZERA

Energetics Department
Centre de Palaiseau

DEA 5660 USA-FRANCE

Working Group n°® 4 - 3/4 june 1991

Decomposition and combustion of existing and
new energetic materials.

- Existing ingredients and corresponding
propellants

- Methods for characterizing the combustion of
energetic ingredients

- Gas sampling and mass spectrometry analysis
at the decomposition surface and in the flame

J. DUTERQUE, G. LENGELLE, J.F. TRUBERT

30
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Existing ingredients and corresponding
propellants

- Double-base propellants and active binders
Numerous results, Kubota/Japan,
Zenin-Korobeinichev/URSS,

N.S. Cohen - M. Beckstead/USA, ONERA/France.

Should serve as referencg fqr methods of
investigation and for modelization efforts.

- HMX - RDX
Approach similar to that of DB propellants.

- Composite propellants _ .
AP - PB binder/HMX - active binder

31
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Pressure
atm.

10 50 100

Vp, mm/s 1 ;9 6 7 10.6

T,, K 610 662 685 L

Preheated
zone, jm 140/ 5S0/55 45/35
(measured/ 194
computed)

Residence
time in

preheated 100 8 3
zone, ms

Superficial _
degradation 11 3 2
zone um

Residence
time in

superficial 6 0 4o B2
zone, ms

Flame
thickness, 200 75 110
Hm (secon-
(measured) dary
flame)

—_

Measured results from Zenin

Characteristic%3of the combustion zones.



T
: lp=925°C
500 (corrected for radiation
4 001 losses)
OH  r..3200¢
330
200
P=6atm.
Vy=2mm/s
100 T Thermocouple wire 12um
] Surface
i g
{0
30- 100um
201
’0 T T -
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TEMPERATURE PROFILE IN THE CONDENSED PHASE

34



‘ Burning rate mm's 010 atm 1s indicated BR/25191

30 ¢

G +-

10

0.4 -

0.3 - _ B
1.8 1.4 1.5 1.6 1.7 1.8 1.9 2 107

Tg K 714 667 625 588 555 526 500

Corresponas to A, o ar Ec =40 10° caimore

Qs = 100calg, Ty =20°C . 9p =08 10 e’ ¢
-« A Microthermocoune ONERA (1100 calg)
& Microthermocoup.e SUH
® Reference, microinermaocouple  KUBOTA
® + additives, microinermocouple KUBOTA
® Microthermocoup'e ZENIN
O  "Light pipe method™ SELEZNEV Propetiant "N” (reference)
"Thermal noise methoa” il
B Microthermocoupie DENISYUK Tg = 120°C

PYROLYSIS LAW FOR D?%JBLE - BASE PROPELLANTS
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Figures for a burning rate of 10 mm / s. Positive heats are exothermic.
COMPARATIVE PICTURE OF AP-INERT BINDER AND HMX-ACTIVE BINDER COMBUSTION
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AP-INERT BINDER PROPELLANTS.
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HIGH ENERGY DENSITY MATERIALS COMBUSTION

Richard. S. Miiler Andrzej W. Miziolek

Office of Naval Research  Ballistic Research Laboratory

Arlington, VA 22217 Aberdeen Proving Ground, MD 21005
L._-_Introduction:

Dramatic advances in nitramine oxidlzer chemistry, energetic polymer chemistry,
combustion diagnostics, computational combustion simulation, processing simulation, and
detonation hazards simulation science and technology wiii provide the framework for major
advances in the energy denslty and the control of energy release rates of rockets and explosives.
High energy density materials makes possible the development of new generations of (a) high
energy, low signature, minimum sensitivity missile propellants, with tailorable high burning
rates, and (b) new generatlons of high energy, minimum sensitivity explosives, for both
enhanced armor penetration and underwater structural damage.

The current solid rocket propulsion and armaments technology Is based on materials that
have been employed world-wide during most of the 20th century. Monocyclic nitramines (RDX
and HMX), nitrate esters of celiulose and glycois, non-energetic crosslinkable polymers,
aluminum powder, and inorganic oxldizers (e.g. ammonium perchlorate) are materials
employed widely In current high parformance compositions. RDX and HMX, for example, were
synthesized in the time period from 1890 to 1940, and came Into first mllitary use in World
War Il. Nitrate esters, such as nitroglycerin and nitrocellulose, are even older materials.
Limitations of RDX and HMX based propellants and explosives are densities of 1.9 gram per
cubic centimeter or less, heats of formation substantially less than those of advanced
nitramines, and a "burning-rate box" - a burning rate resistant to tailoring.  Significant
increases in energy density and in the control of the energy release rates in solid rocket
propellants with reduced slgnatures, In explosives with high metal-accelerating detonation
energy, and in underwater explosives with high shock and bubble energy, are potential
consequences of ongoing major advances in nitramine oxidizer and energetic polymer chemical
sciences. A specific example Is a family of high energy density, low signature rocket propellants
which will employ advanced nitramine oxidizers in combination with energetic poly(oxirane)
and poly(oxetane) crosslinkable polymers plasticized with conventional high energy nitrate
esters, or other advanced materials. The first advanced nitramine oxidizer was synthesized in
February of 1987 at the Naval Weapons Center; US Air Force, Navy, and industrial energetic
poly(oxirane) and poly(oxetane) polymer research and development has also been successful.

The computational combustlon, processing, and hazards simulations of composites
composed of advanced nitramine oxldizers and energetic polymers will reduce the cost and risk
of successful US missile and gun propellant development because combustion and processing
instabilities as weli as detonation hazards will be predictable and hence avoided. Increases in
underwater expiosive performance wili accrue as nitramine oxidizer science is extended to
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discover crystalline oxidizers with mixed halogenated functional groups and nitramine
combustion simulation capability is extended to include halogen metal/boron combustion and
their corresponding high pressure kinetics and transport processes.

L - High E Dl MATRAA oo ie: Comlkistion 88

The goal is to establish the computational combustion science base for understanding
and controlling the energy release processes at the microstructural level of high energy density
non-metallized propellants and new metallized all-gas-product underwater explosive concepts.

An understanding of the coupled condensed and gas phase chemical processes occurring
during mono-propeilant steady state combustion, using high energy nitramine oxidizers and
energetic polymers as separate substances, will first be established. Complementary
experimental quantitative methods, at low pressure, that spatially resolve gas phase species and
gas and condensed phase temperature profiles will be used. Using this understanding of the
mono-propellant condensed phase and gas phase combustion processes, coupled condensed phase
and gas phase models, contalning detailed kinetic theory transport and finite rate chemistry,
will be developed. Using these developed mono-propellant combustion models, two dimensional
computational combustion and transport simulations of the coupled condensed and gas phase
processes during crystalline oxidizer and energetic polymer model propeilant (2-D) diffusion
flame combustion will be made. At low pressure, using complementary experimental techniques
to those used in the monopropellant combustion investigations, a quantitative understanding of
microscopic two dimensional diffusion flames at the propellant microstructural level will be
established. The two dimensional simulations with coupled gas and condensed phase chemistry
models will be validated using these experimental, spatially resolved investigations of gas phase
species and gas and condensed phase temperature profiles of two dimensional model propellants.

This two dimensional simulation wlll provide the first microstructurally based solid
propellant combustion modeling tool to the US solid propulsion industry. This will be a point of
departure towards future three dimensional solid propellant combustion modeling requiring
massively parallel computer computational capabilities, and presently conceptual,
multidimenslonal kinetics and transport sensitivity and lumping mathematics.

AL Gas Pl Combustion P M { & Simulati

Quantitative measurement of gas phase species and temperature distributions above the
deflagrating solids using complementary advanced optical spectroscopic diagnostics, mass
spectrometric techniques along with temperature distributions in the condensed phase will be
established. Experimental measurements of gas phase combustion processes in the Immediate
vicinity of the regressing propellant surface are very difficult and present a substantial
challenge to the combustion diagnostics community. However, powerful techniques have been
developed over the last two decades that allow for the measurement of important flame
parameters such as temperature and species concentration profiles. None of these techniques,
or any of the emerging new ones, have yet been brought to bear on any of the nitramine flames
with the goal of thoroughly testing the existing 1-D flame models to verify their validity. Such
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tests, which are typically done in hydrocarbon combustion research, require accurate
temperature measurements as well as relative and absolute concentration profiles to be made
for major and minor chemical specles throughout the flame zone. This kind of quantitative data
requires extensive careful laboratory work and frequent cross-checking between different
laboratories using different techniques to measure the same flame parameter.

The techniques currently used for this type of work can be divided into two groups;
spectroscopic and mass spectrometric. The spectroscopic diagnostic tools can yield either point
measurements (such as laser-induced fluorescence (LIF)) or line-of-sight measurements
(such as absorption). Many of the spectroscopic techniques are laser-based and are considered
to be non-intrusive. Among the important ones that need to be applied to advanced nitramine
oxidizer and energetic polymer flames are; (a) Coherent Antl-Stokes Raman Scattering (CARS),
which is used primarily for flame temperature measurements and major species detection, (1)
(b) LIF, which Is used for reactive (radical) species measurements like OH, O, H, CN, NCO,
etc., (2-3) and (c) Resonance Enhanced Multl-Photon lonization (REMPI), which Is used for
detecting non-fluorescing species ilke H2CN, and methyl radicals (4-5). For a more complete
summary of propellant dlagnostics and modeliing see reference (6,8). A new technique called
Degenerate Four-Wave Mixing (DFWM) appears to hold great promise to complement LIF
experiments in that it appears to work well with minor specles (unlike CARS), but seems to
avoid the quenching and quantification problems that accompany LIF measurements.(7) The
applicability of this technique will be explored for advanced nitramine, energetic polymer and
model propellant diffusion flames.

Another spectroscopic technique that needs to be applied to these flames is infrared
absorption spectroscopy. Fourier Transform Infrared Spectroscopy (FTIR) has been applied
very successfully to hydrocarbon flame research and appears to be very promising for
nitramine flames since a number of Important species like HONO, HNO, HNCO and HCNO have
known infrared absorption bands. Tunable infrared lasers should also be useful due to their
increased time and spatial resolution. (8)

Mass spectrometlry is yet another powerful tool for chemical detection that has been
applied extensively to hydrocarbon flame research but not yet applied to nitramine flames.
Although probing of a sample volume of the flame zone Is not strictly non-intrusive, in many
cases the nature of the intrusion (flow field and thermal perturbation) can be minimized as
well as accounted for in the data analysis. There are primarily two types of mass spectrometric
sampling: molecular beam as well as quartz microprobe. The molecular beam technique allows
for the detection of reactive specles which are "frozen out” in the beam formation/expansion
process, but due to the size and shape of the sampling cone, is more susceptible to perturbing
the flame. (9) The quartz microprobe sampler, on the other hand, minimizes the flame
perturbation, but is not sensitive to highly reactive, minor species. An appropriate model
validation program will require a comprehensive experimental approach utilizing all of the
above techniques, and by the nature of the requirement, will require a very high degree of
coordination between the laboratories engaged In this research.

These species and temperature profiles will test and establish the validity of gas phase
nitrogen combustion chemistry and transport networks simulations based on elementary
reaction kinetics belng established under coordinated DoD and DoE Sandia Combustion Research
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Facility Laboratory programs. The Sandia Combustion Research Facility combustion simulation
is presently capabie of handling 1-dimenslonal mono-cyclic nltramine gas phase flame
chemistry and transport on a detaiied chemical ievel using the CHEMKIN nitrogen, carbon,
hydrogen, oxygen chemical kinetics package. (10)

The Sandia combustion simuiation has predicted these profiles as well as the pressure
and temperature dependencies of RDX combustion. RDX flames are presumably simulated in this
analysis because RDX reaction chemistry is largely inltiated in the gas phase for which the 1-D
premixed flame code is most applicable. The gas phase 1-D flame simulation does not inciude the
currently unknown physics and chemistry of condensed phase energy reiease processes which
are now known to be dominant in advanced nitramine combustion. However, before these models
can undergo further development, they have to be verified experimentally to establish their
accuracy. Currently, even the verification of the existing RDX flame model has been Inadequate
with the only experimental data available for comparison coming from iimited Russian
literature.

In addition, the heterogeneous nature of the solid/gas interface has been ignored in all of
the propeliant combustion models that have been developed to date. (11) The challenge,
therefore, Is not only to study this interfaclal region experimentally and to develop appropriate
modeis for it, but also to determine the Importance of heterogeneous processes in the overall
combustion of nitramine oxidizers, some of which are aiready known 10 undergo substantial
condensed phase chemistry. Oxidizers with substantial condensed phase energy release have
never before been known. The coupling of combined condensed phase and gas phase energy
release processes in a nitrogen based oxidizer is heretofore an unknown phenomena. The
heterogeneous chemistry portion of this program represents a pioneering effort. It will require
the development of better diagnostic tools that can probe the gas composition and the
temperature gradlent in the immediate vicinity of the surface. Also, appropriate interface
computational models will need 1o be developed to simulate this process accurately. Work that
has been Initiated In coal combustion, In which heterogeneous processes are very important,
will be extended to include condensed phase energy reiease and nitrogen chemistry networks.

A2 - Condensed Phase Chemical Processes

Experimental investigation of micron thick nitramine oxidizer and polymer films heated
by fast microsecond laser substrate heating coupled with: (a) time of flight mass spectrometry,
for identifying gas phase specles, (b) translent time resolved infrared spectroscopy, for
condensed phase specles identification, (c) time resolved ellipsometry, for film thickness
observations, and (d) time resolved infrared thermometry, for subsirate temperature
measurement, wiil permit the condensed phase chemical processes to be investigated and
understood.(12) These coupled experimental measurements, made at heating rates from
100,000 to 1,000,000 degrees per second and at attained temperatures that are reflective of
solid propellant combustion conditions, wlil provide the first observations of subsurface
condensed and gas phase chemical processes. The interpretation of these observations when
coupled with the results of molecular level behavior research that Includes: (a) high
temperature solution decomposition study resuits, (b) very low pressure pyrolysis results,
(c) detailed subsurface product combustion studies, (d) low temperature reactive defect
formation studies, and (e) unimolecular molecular beam decomposition results, will establish
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the condensed phase combustion chemlstry modei.

Advanced underwater expiosive aii-gas-product concepts, which may empioy mixed
nitramine difluoroamino expioslves, dinitramino saits, novel piasticizers, energetic poiymers
and aluminum or boron particles, have evoived that will maximize both shock and bubbie
underwater structurai damage. The control of the post-detonation bubbie energy reiease rates of
these new underwater explosive concepts, to maximize bubble structural damage effectiveness,
will require an understanding and the abiiity to control metai, aluminum and boron combustion.
The ability to understand and controi distributed boron or aiuminum particie combustion In
high pressure fiuorine and chiorine rich detonation product gases will require validated
simuiations. As the very first step In establishing this multi-dimensional boron/aluminum
combustion simulation, a kinetic model for the boron and aluminum in combinati<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>